We determine the metallicity distribution function (MDF) of the Galactic halo by means of a sample of 1638 metal-poor stars selected from the Hamburg/ESO objective-prism survey (HES). The sample was corrected for minor biases introduced by the strategy for spectroscopic follow-up observations of the metal-poor candidates, namely "best and brightest stars first". Comparison of the metallicities [Fe/H] of the stars determined from moderate-resolution (i.e., R ∼ 2000) follow-up spectra with results derived from abundance analyses based on high-resolution spectra (i.e., R > 20, 000) shows that the [Fe/H] estimates used for the determination of the halo MDF are accurate to within 0.3 dex, once highly C-rich stars are eliminated. We determined the selection function of the HES, which must be taken into account for a proper comparison between the HES MDF with MDFs of other stellar populations or those predicted by models of Galactic chemical evolution. The latter show a reasonable agreement with the overall shape of the HES MDF for [Fe/H] > −3.6, but only a model of Salvadori et al. (2007) with a critical metallicity for low-mass star formation of Z cr = 10 −3.4 Z ⊙ reproduces the sharp drop at [Fe/H] ∼ −3.6 present in the HES MDF. Although currently about ten stars at [Fe/H] < −3.6 are known, the evidence for the existence of a tail of the halo MDF extending to [Fe/H] ∼ −5.5 is weak from the sample considered in this paper, because it only includes two stars [Fe/H] < −3.6. Therefore, a comparison with theoretical models has to await larger statistically complete and unbiased samples. A comparison of the MDF of Galactic globular clusters and of dSph satellites to the Galaxy shows qualitative agreement with the halo MDF, derived from the HES, once the selection function of the latter is included. However, statistical tests show that the differences between these are still highly significant.
Introduction
One of the key observables for constraining models of the formation and chemical evolution of the Galaxy is the Metallicity Distribution Function (MDF) of the constituent stars of its various components (bulge, disk, halo) . The MDF provides critical information on the enrichment history of those components with heavy elements. In the case of the halo, early enrichment may have been provided by the very first generations of massive stars, formed from material of primordial composition shortly after the Big Bang (i.e., Population III stars).
Models of Galactic chemical evolution need to be compared to an accurate (and precise) observed halo MDF to test their predictions, to constrain their various parameters (such as the effective yield, the star-formation rate and the IMF), and in order to obtain information on the properties of Population III stars that are responsible for the earliest enrichment. This is particularly important for the lowest metallicity tail of the MDF, which provides invaluable information on the earliest enrichment phases (Prantzos 2003) ; for instance, it has been suggested that a minimum level of enrichment is required to form low-mass stars. This critical metallicity ranges between 10 −4 Z ⊙ (Omukai 2000; Bromm et al. 2001; Bromm & Loeb 2003; Umeda & Nomoto 2003; Santoro & Shull 2006; Frebel et al. 2007 ) and 10 −6 Z ⊙ , the latter being applicable when dust grains are present (Schneider et al. 2002 (Schneider et al. , 2003 (Schneider et al. , 2006 Omukai et al. 2005; Tsuribe & Omukai 2006; Clark et al. 2008) .
The precision of a derived halo MDF increases directly with the total number of observed metal-poor halo stars. Selection of such stars without the introduction of a kinematic bias (e.g., from among high proper motion stars) makes them of particular utility for examination of the relationships between the chemistry and kinematics of the halo. Early determinations of the halo MDF were based on small samples of globular clusters (Hartwick 1976 ; N = 60), or a mixture of halo subdwarfs and globular clusters (Bond 1981; N = 90 and N = 31, respectively) . Problems with these samples arise not only from their small sizes, but also their inaccurate metallicities. Later studies employed significantly larger samples with spectroscopically-determined stellar abundances. For example, Ryan & Norris (1991) used a sample of 372 kinematically-selected halo stars. Ryan & Norris (1991) and Carney et al. (1996) showed that the MDF peaks at a metallicity of [Fe/H] = −1.6 with wings from [Fe/H] = −3.0 to solar abundances.
The HK survey (Beers et al. 1985 (Beers et al. , 1992 Beers 1999) , originated by Preston and Shectman, and greatly extended by Beers to include several hundred additional objective-prism plates, was, until the advent of the Hamburg/ESO Survey (HES; see below), the primary source of metal-poor candidates suitable for consideration of the halo MDF. With the assistance of numerous colleagues, medium-resolution spectroscopy of over 10,000 HKsurvey stars was obtained, using 1.5-4 m class telescopes, over the past two decades. This led to the identification of thousands of stars with [Fe/H] < −2.0, as well as significant numbers of stars with [Fe/H] < −3.0.
Another wide-angle spectroscopic survey is the HES. It was originally conceived as a survey for bright quasars (Reimers 1990; Wisotzki et al. 1996 Wisotzki et al. , 2000 ; however, its data quality is sufficient to not only efficiently select quasars with redshifts of up to z = 3.2, but also various types of stellar objects, including metal-poor stars Christlieb et al. 2002 Christlieb et al. , 2004 Bessell et al. 2004) ; and HE 0557−4840 ([Fe/H] = −4.8; Norris et al. 2007) . It is perhaps of interest that the HK survey has not (to date) yielded any stars with [Fe/H] < −4.0 confirmed by high-resolution spectroscopy; this may be related to the fact that the HK survey reaches apparent magnitudes that are brighter than the HES, and as a result is dominated more than the HES by inner-halo stars.
The Sloan Digital Sky Survey (SDSS; Gunn et al. 1998 , York et al. 2000 , and in particular the Sloan Extension for Galactic Understanding and Exploration (SEGUE), has provided even larger samples of halo stars, as discussed by Carollo et al. Schörck et al.: The halo metallicity distribution function 3 (2007) and Ivezic et al. (2008) . The former emphasize the division of the halo into two structural components, an inner region with R < 10-15 kpc, and an outer region beyond that radius. These two components differ in stellar metallicities, stellar orbits, and spatial density profiles. As we discuss in Sect. 2 below, the HES sample is dominated by inner-halo stars. We note that we hereafter refer to the inner halo as "the halo", unless indicated otherwise.
In spite of the very large sample of ∼ 20, 000 stars used by Carollo et al., their coverage of the regime of very low metallicity is limited. According to their supplemental Fig. 4 , they find only 3 stars with [Fe/H] < −3.0 in their "local sample" of 10,123 stars. The main reason for this is that the stars of their sample were not selected to be metal-poor, but for the purpose of spectrophotometric and telluric calibration of the SDSS spectra.
Recent high-resolution spectroscopic follow-up of stars from the Carollo et al. sample (W. Aoki, priv. comm.) has indicated that the current version of the SEGUE Stellar Parameter Pipeline (SSPP; see Lee et al. 2008a,b; Allende Prieto et al. 2008 ) is somewhat conservative in the assignment of stellar metallicity estimates, in the sense that stars assigned [Fe/H] < −2.7 by the SSPP are in reality more metal-deficient, on average, by on the order of 0.3 dex. A recent examination of the numbers of stars from the SDSS/SEGUE survey, taking into account this offset, suggests that up to several hundred stars with [Fe/H] < −3.0 are in fact present in the current SDSS sample of stars (including other categories of targets than just the calibration stars). Ivezic et al. (2008) focus on the comparison between the inner halo and the disk. Since they rely on abundances determined from photometry, they cannot reliably determine metallicities of stars at [Fe/H] < −2. Nevertheless, the metallicity map of some 2.5 million stars with photometric metallicies shown in Fig. 8 of Ivezic et al. indicates that there exist very large numbers of stars in SDSS consistent with [Fe/H] < −2.0. Follow-up spectroscopy is, at present, only available for a subset of them. Beers et al. (in preparation) discuss the MDF of the lowest metallicity stars found in SDSS/SEGUE. The total number of stars with [Fe/H] < −2.0, based on medium-resolution SDSS spectroscopy, is over 25,000 (i.e., five times the number discovered by the combination of the HK and HES).
This paper continues our series on the stellar content of the HES (Christlieb et al. 2001b, Paper I; Christlieb et al. 2001a, Paper II; Christlieb et al. 2005, Paper III; Christlieb et al. 2008, Paper IV) . We are mainly concerned with the low-metallicity tail of the halo MDF, which is constructed from a sample of 1638 metal-poor stars selected in the HES by quantitative criteria (Sect. 2). The follow-up observations and determination of the metallicities are described in Sect. 3. In Sect. 4 we detail how the MDF was constructed. We discuss the shape of the halo MDF in Sect. 5. Comparisons of the observed MDF with MDFs predicted by models of Galactic chemical evolution are presented in Sect. 6, and a comparison with the MDFs of the Galactic globular cluster system and dwarf spheroidal galaxies is presented in Sect. 7. The results are discussed in Sect. 8.
The metal-poor star sample
One of the main advantages of the HES for determining the halo MDF is that the selection of candidate metal-poor stars was done with quantitative criteria. Hence, the selection is wellunderstood, and possible selection biases can be quantified and corrected for during the construction of the MDF. Futhermore, the selection is purely spectroscopic, so it does not introduce any kinematic biases. Fig. 2. Distance distribution of the HES sample. The sample is dominated by stars at distances of less than ∼ 5 kpc from the Sun; a few cool giants are located at distances of up to ∼ 50 kpc.
The selection of candidates in the HES is described in Paper IV. For the sample used in this study, we employed only the KP/(B − V) 0 selection; i.e., a star is selected as a metalpoor candidate if its KP index of the Ca ii K line, as measured in its digital HES objective-prism spectrum, is smaller than the KP index predicted for a star of [Fe/H] = −2.5 and the same (B − V) 0 colour (see Fig. 5 of Paper IV). This cutoff was chosen because it results in a good compromise between completeness at [Fe/H] < −3.0, the region in [Fe/H] we are mainly interested in (because it corresponds to the earliest phases of Galactic chemical evolution), and achieving a selection that efficiently rejects stars at higher metallicity. In addition to the KP index, the B − V colours are measured in the HES spectra as well (see Paper IV for details), and then are corrected for reddening using the maps of Schlegel et al. (1998) . We restrict the sample to the colour range 0.5 < (B − V) 0 < 1.0, because the follow-up observations of stars bluer than (B − V) 0 = 0.5 have not yet reached a sufficient level of completeness, and for stars redder than (B − V) 0 = 1.0, the accuracy of the determination of [Fe/H] from moderate-resolution follow-up spectra is limited due to the lack of calibration stars and the weakness of the Hδ line, which is used as a temperature indicator. The V magnitude and (B − V) 0 distribution of our sample together with isochrones for an age of 12 Gyr and different metallicities is shown in Fig. 1 . The V magnitudes as well as the (B − V) 0 colours are from the HES.
The selection was applied to all spectra of unsaturated point sources extracted on 329 (out of 379) HES plates, covering a nominal area of ∼ 7700 deg 2 of the southern high galactic lati- tude sky. The candidates were visually inspected and assigned to the classes mpca, unid, mpcb, and mpcc. As described in Paper IV, the classification is based on the appearance of the Ca ii K line in the digital HES spectra. Candidates of class mpca are the best in terms of the success rate of finding stars at [Fe/H] < −2.5 (see Fig. 8 ), since no Ca ii K line could be seen in the HES spectrum, while the candidates of class mpcc are the worst, because a strong Ca K line could clearly be seen. However, the Ca K line is still strong in cool, moderately metalpoor (i.e., [Fe/H] ∼ −2.0) giants, therefore the line is expected to be detected in the HES spectra of such stars. For statistical studies such as the determination of the halo MDF it is therefore necessary to obtain follow-up spectroscopy also of the mpcc candidates, because otherwise a color-related bias would be introduced. Furthermore, the assignment of classes to the candidates is subjective, and therefore it would be impossible to determine the selection function of the HES if only a subset of the candidates selected by quantitative criteria would be considered for the construction of the MDF. The result of the visual inspection are 3792 accepted candidates, of which 79 are present on multiple plate quarters or plates; the number of unique candidates is 3713. The number of candidates in each of the aforementioned classes is listed in Tab. 1. Only about half of the 3713 candidates are part of the sample presented in Tab. A.1 of Paper IV. This is because slightly improved sky background and spectrum extraction algorithms were used in the final reduction of the HES, from which the sample of Paper IV was drawn. While minor changes of the reduction algorithms can have a large effect on the measurement of the KP index in individual spectra, because the Ca ii K line is covered by only four pixels of the HES spectra, we verified (HES plate by HES plate) that there are no systematic differences between the KP indices measured in spectra reduced with the older extraction algorithms and the spectra to which the selection described in Paper IV was applied. Therefore, there should not be any statistical differences between the HES metal-poor sample presented in Paper IV and the sample used in this paper. We decided to construct the halo MDF from an older sample because the spectroscopic follow-up observations of that sample is more advanced, resulting in a considerably larger sample size.
We determine distances to each of the sample stars using the [Fe/H] for each star and a set of isochrones similar to those shown in the upper panel of Fig. 1 . Assuming that all the sample stars are at or above the main-sequence turnoff, we obtain the distance distribution shown in Fig. 2 , and the spatial distribution shown in Fig. 3 . The cooler giants in our sample reach distances from the Galactic plane well beyond |Z| = 15 kpc. However, the sample is clearly dominated by inner-halo stars. There is a hint that the outer-halo stars with |Z| > 15 kpc have a higher fraction of extremely metal-poor stars than do those of the inner halo with 5 < |Z| < 15 kpc, but given the wide range in metallicity we see throughout the halo, our sample is too small to determine the MDFs of the inner and outer halo separately with confidence.
Determination of metallicities
For 1771 of the 3713 unique candidates, moderate-resolution spectroscopy was obtained with various telescope/instrument combinations (see Tab. 2). The candidates were mostly observed in programs aiming at the identification of targets for highresolution spectroscopy of the most metal-poor stars. Hence, the observing strategy adopted for the follow-up observations was to observe the brightest and best candidates (i.e., candidate classes mpca and unid) first. In the follow-up spectra, we measured the KP index as well as the HP2 index of Hδ and the GP index for the G-band of CH (see Beers et al. 1999 for the definition of these indices). When multiple spectra for a star were available, the S /N-weighted average of the individual line index measurements was adopted.
[Fe/H] was determined from the adopted HP2 and KP indices using the method of Beers et al. (1999) . Since the publication of that paper, the algorithm was improved mainly by including more calibration stars, which results in better coverage of the relevant stellar parameter space, and in particular in a better coverage of the low-[Fe/H] region. Cohen et al. (2008) , and Cohen (2008, unpublished) .
Since the stars of our sample were observed with many telescope/instrument combinations, it is important to verify that there are no systematic offsets between the measurements of the line indices in spectra taken at different telescopes. Such offsets could occur, for example, if the CCD response curves would strongly vary from instrument to instrument in the wavelength ranges in which the line and continuum bands of the indices are measured. For this reason, a number of candidate metal-poor stars were intentionally re-observed at different telescopes. Furthermore, in most of the observing campaigns, spectra of a few metal-poor standards (e.g., G 64-12, HD 140283, or CD −38
• 245) as well as metal-poor radial-velocity standards were secured. In Fig. 4 , we show comparisons of the KP and HP2 indices measured in spectra taken with all relevant telescope/instrument combinations. In total, 315 pairs of measurements are available. No systematic offsets between the measurements can be seen. However, the scatter of the measurements in spectra obtained with the UK Schmidt and the fibre-fed multiobject spectrograph 6dF are about a factor two larger than those of the other telescope/instrument combinations. This can be attributed to the fact that sky subtraction is more difficult for the 6dF spectra, since only a few fibers were dedicated to measure the sky background, and furthermore the sky brightness might have varied over the 6
• diameter field of view of the instrument.
The quality of the spectra (i.e., R ∼ 2000 and a typical S /N of 20 per pixel in the continuum near the Ca K line) allowed the easy identification and rejection of emission-line and other "peculiar" objects (e.g., galaxies, or objects with continuous spectra, such as cool, helium-rich white dwarfs). It has been shown by Cohen et al. (2005) that CH lines present in the continuum bands of the KP and HP2 indices lead to a systematic underestimation of these indices, resulting in systematically too low [Fe/H] values. Hence, we also excluded from this study all stars with GP > 6 Å. Since the fraction of carbon-enhanced stars among metal-poor stars increases as the metallicity decreases (see, e.g., Cohen et al. 2005; Lucatello et al. 2006) , the rejection of stars with strong G-bands might lead to a bias against low-metallicity stars. However, since only 90 stars, or 5 % of the 1771 observed stars, were rejected due to this reason, the possible effect on our sample is only minor. We also note that the three currentlyknown ultra metal-poor stars (i.e., stars with [Fe/H] < −4.0; see Sect. 4 below), all of which have large overabundances of carbon, are not rejected by this criterion, since their GP indices are smaller than 6 Å. In total, 133 stars were rejected, leaving 1638.
Homogeneous abundance analyses based on high-resolution spectra are available for 112 of the confirmed candidates in our sample. The spectra were taken with VLT/UVES (87 stars 
Construction of the observed MDF
In order to investigate potential selection biases given the adopted follow-up observation strategy, it is instructive to compare the MDFs derived from stars of the individual candidate classes and in different magnitude ranges. For the purpose of investigating the possible presence of a bias caused by the fact that the brightest stars were observed first, we divided the full HES sample, as well as the subsamples of the four candidate classes, into a bright (B ≤ 16.7) and a faint (B > 16.7) half, respectively. The results are shown in Fig. 7 . In the upper right panel it can be seen that the faint candidates are over-represented in the class unid. The reason is that the visual classification for fainter candidates, which have lower quality HES spectra, was more difficult. The bright-and faint-star [Fe/H] distributions of the other candidate classes, as well as the total sample, appear very similar to one another. This is quantitatively confirmed for the mpca and unid subsets by means of a Kolmogorov-Smirnov (KS) test of the null hypothesis H 0 that the bright and faint subsets of the stars belonging to these candidate classes were drawn from the same parent distribution, against the alternative hypothesis H 1 that they were not drawn from the same parent distribution. We chose a significance level of α = 0.01; i.e., H 0 is rejected if the probability p of occurence of the test statistic (i.e., in case of the KS-test, D, the maximum distance between the cumulative probability distributions of the two samples), given H 0 , is smaller than 0.01. The result of the KS-test for the bright and faint stars of the classes mpca and unid are p = 0.82 and p = 0.21, respectively; i.e., H 0 can clearly not be rejected in these cases. However, for the other two classes, the probabilities are considerably lower, ranging from 0.0046 (mpcb) to 0.073 (mpcc). For the full sample (i.e., all candidate classes combined), the probability is 0.0028; that is, the distributions of the bright and faint subsamples differ significantly from each other. It would hence be desirable to construct the halo MDF from the bright and faint samples separately. However, in this case the sample sizes would be too small to draw any conclusions, in particular about the low-metallicity tail of the MDF. Therefore, we decided to construct the halo MDF from the full sample. We note that the relative fraction of observed stars does not exhibit any strong biases towards bright or faint stars (see Fig. 6 ), thus the sample from which we construct the MDF should at least be representative for halo stars in the magnitude range 13 < B < 17.5.
As can be seen in Fig. 8 , the fraction of stars at [Fe/H] < −3.0 is highest among the mpca candidates (i.e., 7 %), and significantly lower in the other classes (i.e., 3-4 %). That is, the MDF of mpca candidates is biased towards lower metallicities. KStests show that the null hypotheses H 0 that subsamples of different candidate classes were drawn from the same parent distribution can clearly not be rejected for neighbouring classes (e.g., p = 0.34 for unid versus mpcb), while H 0 can be rejected at high significance when more distant classes are compared to each other (e.g., p = 1.7 · 10 −5 for mpca versus mpcc). These tests and the bias of the candidates of class mpca towards low metallicity demonstrate that the candidate classification effectively separated the "good" from "bad" candidates. Fig. 8 also shows that the number of false positives (i.e., stars at [Fe/H] > −2.5) is considerably higher among the mpcc candidates. However, this contamination does not affect our study, because we are mainly concerned with the low-metallicity tail of the MDF. In order to properly take into account the stars of our candidate sample for which no spectroscopic follow-up observations exist, we constructed MDFs from the observed sample of stars in the following two ways. First, we computed separate MDFs for each of the candidate classes and scaled them such that the correct relative fraction of stars is produced when the four scaled MDFs are coadded; i.e., the scaling factors listed in the last column of Tab. 1 were applied. Secondly, we assigned to each of the 1942 stars in the full candidate sample lacking follow-up observations the [Fe/H] of a randomly selected star of the same candidate class for which a follow-up spectrum is available. We also randomly rejected stars with a too strong G-band and "peculiar" stars according to the probabilities determined from the sample for which follow-up observations exist. In this way, a sample of 3439 stars with the correct relative fraction of the candidates of the four classes was created. The MDFs produced by these two methods are expected to be very similar to each other, because in each of them, the classwise MDFs are scaled and then added to produce the final MDF; only the scaling methods are slightly different. Indeed, as can be seen in Fig. 9 , the results do not differ significantly from each other. A χ 2 -test of the null hypotheses H 0 that the two samples are drawn from the same distribution yields a probability of p = 1.0; i.e., H 0 can very clearly not be rejected. We adopt the MDF constructed by means of scaling the class-wise MDFs by a factor and adding them up. For this MDF, the numbers of stars in each metallicity bin are listed in Tab. 3.
Note that we have not corrected the MDF for the fact that as metallicity decreases, given that the giants become brighter and the dwarfs fainter (see Fig. 1 ), the relative volumes surveyed in our magnitude limited sample become larger and smaller, respectively. At (B − V) 0 = 0.6, for example, the data of the YaleYonsei isochrones (Kim et al. 2002) for an age of 12 Gyr suggest that the ratios of volume surveyed at [Fe/H] = −3 to that at [Fe/H] = −2 are 3.0 and 0.67 for giants and dwarfs, respectively. Due to the very small survey volume for dwarfs, no cool mainsequence star has so far been identified in the HES, and the sample considered in this paper is dominated by giants. Therefore, a survey volume correction would lead to a reduced relative number of stars at the lowest metallicities. 
The shape of the halo MDF
A prominent feature in both of the scaled MDFs is a sharp drop at [Fe/H] ∼ −3.6 (see Fig. 9 ); in our (scaled) sample, only two out of 3439 stars have [Fe/H] < −3.6. Such a drop was also recognized by Norris (1999) , and it has been seen in the Hamburg/ESO R-process Enhanced star Survey (HERES; see Fig. 2 of Barklem et al. 2005 and our Fig. 10) . It reflects the fact that only very few stars at [Fe/H] < −3.6 were found in projects aiming at the identification and detailed study of the lowest metallicity stars of the Galactic halo, despite the considerable effort expended to find them (see, e.g., Cohen et al. 2008 , and references therein). The shape of the low-metallicity end of the halo MDF could not be determined precisely by Ryan & Norris (1991) Norris et al. 2007 ). These three stars are not part of our sample due to a variety of reasons. HE 1327−2326 is part of the bright HES metal-poor sample consisting of stars above a saturation threshold (Frebel et al. 2006b ), while only unsaturated point sources entered the sample of this work. HE 0107−5240 was selected in a previous version of the candidate selection which was slightly less restrictive than the one we use here; as a result, this star misses the selection cutoff of 3.9 Å for its HES (B − V) 0 colour of 0.6 mag by 0.1 Å (i.e., the KP index measured in the HES spectrum is 4.0 Å). And finally, HE 0557−4840 is located on one of the 50 HES plates which are not considered here. In conclusion, for an accurate determination of the shape of the MDF at [Fe/H] < −4.0 it is required to compile even larger statistically complete samples of metal-poor stars.
Comparison between theoretical MDFs and the halo MDF
In a comparison of the observed MDF with MDFs predicted by theoretical models, one has to take into account the modification of the shape of the MDF by the selection of metal-poor candidates employed in the HES. In particular, uncertainties σ KP and σ B−V of the measurements of the KP index and B − V in the HES spectra result in a scatter of stars with [Fe/H] > −2.5 into the sample, and stars with [Fe/H] < −2.5 out of the sample. Each theoretical MDF under investigation is therefore converted into an MDF as it would be observed in the HES, by applying the metal-poor star selection criteria used in the HES. The first step in the conversion of a theoretical MDF is the simulation of a sample of stars with a distribution in [Fe/H] according to that of the theoretical MDF under investigation. The The reader will note that we have excluded stars with (B − V) 0 < 0.5 from our sample, which in principle will affect the relative proportions of dwarfs admitted to our sample as a function of [Fe/H]. In practice, however, this is not a serious effect if we restrict our abundance range to abundances [Fe/H] < −2.0. Consideration of the Yale-Yonsei isochrones for an age of 12 Gyr, and for the Salpeter mass function (x = 1.35), shows that the percentages of dwarfs with (B − V) 0 < 0.5 relative to all main-sequence stars with mass greater that 0.40 M ⊙ are 4, 13, 19, 22, 24, and 24 for [Fe/H] = −1.0, −1, 5, −2.0, −2.5, −3.0, and −3.5, respectively. That is to say, the proportion of excluded dwarfs is relatively constant for [Fe/H] < −2.0.
The next step in the procedure of converting theoretical MDFs into an MDF as it would be observed in the HES was to add random Gaussian errors with standard deviations according to the known measurement uncertainties σ KP , σ B−V in the HES to KP and (B−V) 0 assigned to each star. Finally, the KP/(B−V) 0 selection criterion was applied to the simulated sample of stars. The [Fe/H] distribution of the selected stars is the MDF as it would be observed in the HES.
For the convenience of the reader, we list in Tab. 4 and show in Fig. 12 the HES metal-poor star selection function as determined with a simulated sample of stars following the MDF predicted by the Simple Model of Galactic chemical evolution (Searle & Sargent 1972; Hartwick 1976) . That model assumes that a fiducial "closed box" of primordial gas is enriched by successive stellar generations. Further model assumptions are that (i) the gas is well-mixed at all times (i.e there is a unique agemetallicity relation for the stars formed from that gas) and (ii) the stellar initial mass function (IMF) does not change with time. Analytical solutions can only be obtained if it is assumed that the evolutionary timescales of the enriching stars are neglible (the so-called Instantaneous Recycling Approximation or IRA). Table 4 . Selection function for HES metal-poor candidates in the colour range 0.5 < (B − V) 0 < 1.0, as determined from a simulated sample of stars following the MDF predicted by the Simple Model of Galactic chemical evolution (Searle & Sargent 1972; Hartwick 1976) .
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Such solutions can be generically obtained in the case of a closed box, and in some particular cases of outflow (gas loss from the box) and infall (gas flows into the box). Since the IRA turns out to be a very good approximation for elements ejected by massive stars, those analytical solutions can provide a powerful tool for the study of Galactic systems. In the framework of the Simple Model, the shape of the MDF can be described in terms of a unique parameter, the "yield", which is the ratio of the mass of newly-created metals to the mass locked in long-lived stars and stellar remnants. This is a very useful parametrization, because it is independent of the star formation history of the system (the major unknown in Galactic evolution studies). In the closed box model the yield depends only on the IMF (referred to as the "true yield"), while in the case of gaseous flows (infall and outflow) it depends also on their magnitude; this "effective yield", y eff , is always smaller than the true yield. It turns out that the MDF peaks at a metallicity equal to the effective yield; this simple result allows one to determine the effective yield and to constrain the underlying physics (IMF, outflow rate, etc.) In Fig. 13 , we compare the MDF of a Simple Model with y eff = −1.7 with the MDF observed in the HES. The HES MDF shows an excess of stars in the range −3.5 < [Fe/H] < −3.0. Alternatively, if the MDF of the Simple Model would be scaled Prantzos (2003) developed a modification of the Simple Model, which includes early infall, and later outflow of gas; the IRA is also relaxed in his model. Prantzos (2007) suggested that since the halo of the Galaxy has been assembled by merging of a large number of fragments, the MDF of the Galactic halo can be seen as the sum of the MDFs of these fragments. In his model, the chemical evolution histories of each of the fragments are still described by the Simple Model, using the observed massmetallicity relation of dwarf galaxies to derive individual effective yields. The halo MDF is then produced by integrating over a mass function of the fragments determined in numerical simulations. The MDFs of the models of (Prantzos 2003 (Prantzos , 2007 The next set of models that we consider are those of Salvadori et al. (2007) , who reconstruct the merger tree of the Milky Way with a semi-analytic approach including a chemical evolution code. A free parameter in this model is the critical metallicity for low-mass star formation, Z cr . As can be seen in it greatly over-predicts that number of stars at [Fe/H] < −4.0, as already discussed by Salvadori et al. (2007) .
Finally, we compare in Fig. 16 the HES MDF with that predicted by the stochastic chemical enrichment model of Karlsson (2006) To quantify our comparisons of the HES MDF with those predicted by the theoretical models discussed above, we carried out KS-tests of the null hypotheses H 0 that the HES sample and the individual samples simulated according to the MDFs of the models were drawn from the same parent distribution, at a significance level of α = 0.01. The tests were restricted to [Fe/H] < −3.0, because we are mainly concerned with the shape of the low-metallicity tail of the MDF. The result of the tests are that H 0 can not be rejected (p = 0.063) only in the case of the Salvadori et al. model for Z cr = 10 −3.4 Z ⊙ . However, we note that the statistical test of Kuiper (1962) , which according to Press et al. (1992) is more sensitive than the KS-test to differences at the ends of the two distributions under comparison (i.e., at the lowest and highest metallicities), yields p = 6.5 · 10 −4 ; i.e., if this test is employed, H 0 would be rejected at high significance. All other models considered yielded p < 10 −3 , regardless of which of the two tests were applied.
Comparison of the halo field star MDF with that of other stellar populations
It is of great interest to compare the halo MDF with the MDF found for other stellar populations, in particular for the system of Galactic globular clusters (hereafter GCs) and for the stars in dwarf spheroidal (dSph) galaxies. Since the most metal-poor Galactic GC has [Fe/H] ∼ −2.5, we need to establish whether or not there is a real deficit of GCs at lower Fe-metallicities compared to the halo field. For a proper comparison of the HES MDF with that of other stellar populations, it is mandatory that the selection function of the HES, as listed in Tab. 4, be taken into account. The values in that table can be used to correct the observed MDF for the selection of metal-poor candidates employed in the HES. This is particularly important at [Fe/H] > −2.5, where the corrections are large, because typically less than half of the stars are actually picked up by the HES. Note that this incompleteness is intended, because the main aim of the search for metal-poor stars with the HES is to identify stars with [Fe/H] < −3.0. Therefore, the selection of candidate metal-poor stars was designed such that as many stars at [Fe/H] > −3.0 as possible are rejected, while maintaining a high degree of completeness at [Fe/H] < −3.0 (see Christlieb et al. 2008 for details).
For a star of a given [Fe/H], the corrections are also a function of B − V color, being higher (more likely for a star to be included in the HES) for redder stars. The variation over the B − V color range of the HES sample can, in extreme cases at the higher metallicities, correspond to a variation of a factor of 8 in selection efficiency (see, e.g., the line for [Fe/H] = −1.95 in Tab. 4).
For our comparison with the MDF of the Galactic GCs we adopt the [Fe/H] values from the current version of the online database of Harris (1996) . The values for M15 and for NGC 7099 were updated with small corrections based on detailed abundance analyses carried out by J. Cohen and collaborators (Cohen & Huang, in preparation; Cohen, Melendez & Huang, in preparation) . The HES is (intentionally) incomplete for [Fe/H] > −2.0, so we only consider the set of GCs with [Fe/H] < −1.95, which contains only 16 clusters. We note that many analyses have shown that the Galactic GCs exhibit the same behaviour of abundance ratios (such as the increase of [Ca/Fe] with decreasing [Fe/H]) as the halo stars (e.g., Fig. 23 of Cohen et al. 2004) as do the halo stars. Thus, the conversion between a Ca line index and [Fe/H] adopted by the HES should be appropriate for Galactic GCs stars as well. Fig. 17 shows the cumulative MDF from the HES sample and for the Galactic GC system. The raw MDF and that corrected for the selection efficiency of the HES, given in Tab. 4, are shown. Note that the selection efficiency takes into account the uncertainties for [Fe/H] which result from the uncertainties of the measurement of KP and (B−V) from HES spectra, which result in σ [Fe/H] between 0.2 dex and 1.0 dex, depending on (B−V) colour . Simulations suggest that for a sample with more accurate [Fe/H] first adopts the corrections for the bluest B − V color of Tab. 4, which are always the smallest, while the the second uses that of the reddest B − V color of Tab. 4, which are always the largest. Fig. 17 shows that once the selection efficiency corrections given Tab. 4 are applied, the halo field star MDF we deduce here is a good match to that of the Galactic GCs. Instead of expecting roughly 10 % of the sample covering the range [Fe/H] < −1.95 to have [Fe/H] < −3.0, we expect only ∼ 2 % to be this metal deficient, when the selection efficiency for the HES is taken into account. At [Fe/H] < −2.5, the expected fraction decreases from 50 % to 8 %. Thus, the absence of any GC more metal-poor than −2.5 dex among a sample of 16 clusters at [Fe/H] < −1.95 is not suprising.
A similar situation holds for the stellar population in the dSph satellites of the Galaxy. It has been widely claimed (see, e.g. the review by Geisler et al. 2007 ) that these dSph stellar populations show a significant lack of stars with Fe-metallicity at [Fe/H] < −3.0. For example, Helmi et al. (2006) make this claim for the four systems for which they assembled the necessary data; i.e., Carina, Fornax, Sculptor and Sextans.
Abundances are now available for large samples of stars in the nearest dSph galaxies. We concentrate here on those where there is little or no evidence for recent star formation and for which suitable samples are available. There are two additional issues that arise in a comparison of the stellar population of the dSph galaxies with the Galactic halo MDF. The first is that these metallicities are derived from line indices which measure the strength of the Ca infrared triplet (CaT) in moderate-resolution spectra. The conversion from a Ca abundance to a Fe abundance is a crucial issue, since the dSph stellar population clearly shows a different trend of [Ca/Fe] versus [Fe/H] than does the Galactic halo (see, e.g., Geisler et al. 2005 or Monaco et al. 2007 , with [Ca/Fe] being smaller at a given Fe-metallicity in dSph galaxies as compared to GCs and the halo field. The second is how the sample to be observed spectroscopically in the dSph is selected. If, e.g., an equal number of stars in each color bin is chosen to probe the full range of color across the upper RGB in a dSph, the sample may be biased in metallicity, because the position of the upper RGB in the color-magnitude diagram depends on [Fe/H]. Instead, a representative subset of stars reflecting the color distribution of the stars on the RGB should be chosen.
Bearing these caveats in mind, we have constructed the cumulative MDF for several dSph galaxies. Given the larger samples of very low-metallicity stars in these galaxies as compared to the limited number of such low metallicity Galactic GCs, we have normalized the dSph MDFs to [Fe/H] = −2.3. The selection efficiency of the HES over this lower metallicity range will be higher (i.e. closer to 1.0) and not vary as much than is the case over the regime we needed to consider for the Galactic GCs. The MDFs for Draco and for Ursa Minor (top row in Fig. 18 ) are based on the database of Winnick (2003) . She measured CaT line strengths from spectra obtained with the multi-fiber instrument Hydra at the WIYN telescope. Her sample is selected from radial-velocity members with no metallicity bias. For the Fornax dSph we use the VLT/FLAMES+GIRAFFE survey of Battaglia et al. (2006) (their Tab. 4) . The DART team in this paper converted their measurements of the strength of the infrared Ca triplet into Fe-metallicities (filled circles) using the relation established by Rutledge et al. (1997) , which was calibrated using globular cluster giants. Battaglia advises (priv. comm.) that their sample should be unbiased with respect to metallicity. Although there are only 7 Fornax stars in the sample of Battaglia et al. (2006) with [Fe/H] < −2.3, the left panel of Fig. 18 shows that the Fornax dSph is clearly deficient in such low metallicity stars relative to the MDF of the halo field stars when the HES raw counts are used. Once the selection efficiencies are folded in, the Fornax cumulative MDF at [Fe/H] < −2.3 is much closer to that of the Galactic halo field stars as inferred from the HES.
The lower right panel of Fig. 18 shows the cumulative MDF from the combined DART sample for the Carina, Sextans, and Sculptor dSph galaxies, with [Fe/H] values kindly supplied by the DART project (filled circles). This yields a total sample of 76 stars with [Fe/H] < −2.3. Again, once the selection efficiencies are folded in, the cumulative MDF for these three dSph galaxies at [Fe/H] < −2.3 is much closer to that of the Galactic halo field stars as inferred from the HES than when the raw HES counts are used, but there still appears to be a deficit of stars in the combined dSph MDF at the lowest metallicity compared to the HES MDF. Battaglia et al. (2008) discussed the accuracy of their conversion between Ca triplet line strength and [Fe/H], given the difference in the behavior of [Ca/Fe] with Fe-metallicity between GCs and dSph populations. Using a comparison of high-dispersion abundance analyses with their results from CaT measurements for a limited sample of dSph giants, they conclude that their Femetallicities are robust to within ±0.2 dex. However, as pointed out by Cohen & Huang (2009) , there are substantial differences between the calibration adopted by the VLT DART project and that of Winnick (2003) We thus find that the MDF of the Galactic halo field stars, as derived from the HES, agree reasonably well with that of the Galactic globular cluster system and of the stellar population of the nearest dSph satellites of the Galaxy, when the calibration for converting infrared Ca triplet line strengths into [Fe/H] of Winnick (2003) is adopted. This holds over the range [Fe/H] < −2.3, after the selection efficiency corrections to the apparent MDF from the HES have been applied. However, χ 2 -tests reveal that the differences between the halo MDF and the MDFs of the GC system and the dwarf satellites are still highly significant. If the original DART calibrations and [Fe/H] are valid, adding the HES selection efficiency corrections considerably improves the agreement in deduced MDF of the dSph galaxies with the Galactic halo field stars, but still leaves a problem at the lowest metallicities.
Recently Kirby et al. (2008 Kirby et al. ( , 2009 ) developed a spectralsynthesis technique that does not use the CaT at all. They found 15 stars with [Fe/H] < −3.0 in seven of the ultra-faint dSph galaxies recently discovered by the SDSS. Since all these very low luminosity galaxies have mean [Fe/H] values of −1.9 dex or lower, this is perhaps not surprising. Cohen & Huang (2009) have obtained high resolution spectra of a sample of stars in the Draco dSph, one of the more luminous of the dSph satellites of the Galaxy, and found one star with [Fe/H] < −3.0 in that dSph, in addition to a Draco giant at [Fe/H] = −2.97 discovered earlier by Shetrone et al. (1998) . In Sculptor, one star with [Fe/H] < −3.5 has recently been identified based on highresolution spectroscopy (Frebel 2009, priv. comm.) . Finally, in a sample of 16 radial velocity members of the Bootes I dSph, Norris et al. (2008) have reported a giant with [Fe/H] = −3.4, based of measurements of the Ca II K line. Follow-up, highresolution, high signal-to-noise observations with VLT/UVES confirm the result (Norris 2009, priv.comm.) . Thus, extremely metal-poor stars are present, albeit in small numbers, in both the ultra-faint and classical dSph satellites of the Galaxy.
Discussion and conclusions
In Sect. 6 we have shown that a reasonable agreement with the overall shape of the HES MDF can be obtained for [Fe/H] > −3.6 by most models of Galactic chemical evolution, but only the model of Salvadori et al. with Z cr = 10 −3.4 Z ⊙ reproduces the the sharp drop at [Fe/H] ∼ −3.6 seen in the HES MDF. The lack of stars at [Fe/H] < −3.6 is highly significant: The models typically predict that about ten such stars should be present in the HES sample, while only two are found. The significance of this discrepancy is reflected in the low probabilities for the MDFs predicted by the models and the HES MDF having the same parent distribution, as determined by KS-tests. It remains to be investigated whether the drop can be reproduced by modifying some of the assumptions of the models, or by adding further ingredients.
The HES sample discussed in this paper contains no objects with [Fe/H] < −4.2, but considering the abundance analyses of three additional stars in this metallicity range published in the recent literature, it is obvious that it exists. However, a thorough and quantitative comparison with theoretical MDFs has to await larger statistically complete and unbiased samples which include more stars with [Fe/H] < −4.0. Such samples will become available through new, deeper surveys for metal-poor stars that will commence in the near future; in particular, the Southern Sky Survey (Keller et al. 2007 ) and a survey to be conducted with the Chinese 4 m Large sky Area Multi-Object fiber Spectroscopic Telescope (LAMOST; Zhao et al. 2006) .
In the ΛCDM picture, the Galactic halo was largely built out of disrupted satellite galaxies. If stars had already formed within them at the time of accretion, then the MDF of the Galactic halo and of the existing dSph galaxies should agree at the metal-poor end with regard to the presence of a weak tail of stars with [Fe/H] < −3.0. It is thus encouraging for the ΛCDM scenario that our analysis shows better agreement between the halo MDF and that of the dSph galaxies than claimed by Helmi et al. (2006) . However, even if this were not the case, it would not necessarily be a strong contradiction to the ΛCDM scenario. According to the semi-analytical models of Salvadori et al. (2008) and Salvadori & Ferrara (2009) , the MDFs of dSph galaxies can differ quite significantly from each other, depending on their individual enrichment histories. Hence their MDFs can also be different from that of the Galactic halo. An important question remaining to be answered is how the elemental-abundance ratios of the dSph stars at [Fe/H] < −3.0 compare with those of the Galactic halo stars.
Since the HES and the HK survey are in-situ surveys that predominantly sample the inner-halo population of the Galaxy (with R < 15 kpc), it is mandatory to consider the possibility that the (for now, poorly studied) outer-halo population of the Galaxy may indeed contain significant numbers of stars with [Fe/H] < −3.6, as might be indicated by the shift of the peak metallicity of the other-halo stars studied by Carollo et al. (2007) to [Fe/H] = −2.2, a factor of four lower than the peak metallicity of innerhalo stars. This possibility is being actively pursued by highresolution spectroscopic follow-up of stars that are likely to be members of the outer-halo population, based on their kinematics, by a number of groups.
